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(54) Processor apparatus and nnethod for a process measurement signal 



(57) The present invention provides a processor 
apparatus tor processing a time domain reflectometry 
(TDR) signal having a plurality of reflection pulses to 
generate a valid output result corresponding to a proc- 
ess variable in a vessel and a method for a process 
measurement signal. One method includes tiie use of at 
least two different techniques for detecting a valid 
reflection pulse generated by the process variable to 
calculate an independant result using each of the at 
least two techniques, and applying a whelghted factor to 



the independant results from each of the at least two dif- 
ferent techniques to provide weighted results. Another 
method includes establishing an Initial tx)undary signal 
before the process variable is located in the vessel, stor- 
ing the initial boundary signal, detecting the TDR signal, 
determining a baseline signal by subtracting the initial 
boundary signal from the TDR signal, determining a 
maximum value of the reflection putse and calculating 
an output result based on the maximum value. 
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Description 

Background and Summary of the Invention 

The present invention relates to a processor appa- 
ratus and method for a process measurement signal. 
More particularly, the present invention relates to an 
improved processor for time-of-flight signals to provide 
an accurate indication of the location of an interface 
between a first medium and a second medium in a ves- 
sel. 

The process and storage industries have long used 
various types of equipment to measure process param- 
eters such as level, flow, temperature, etc. A number of 
different techniques (such as mechanical, capacitance, 
ultrasonic, hydrostatic, etc.] provide measurement solu- 
tions for many applications. However, many other appli- 
cations remain for which no available technology can 
provide a solution, or which cannot provide such a solu- 
tion at a reasonable cost. For many applications that 
could benefit from a level measurement system, cur- 
rently available level measurement systems are too 
expensive. 

In certain applications, such as high volume petro- 
leum storage, the value of the measured materials is 
high enough to justify high cost level measuremerrt sys- 
tems which are required for the extreme accuracy 
needed. Such expensive measurement systems can 
include a servo tank gauging system or a frequency 
modulated continuous wave radar system. 

Further, there are many applications that exist 
where the need to measure level of the product is high 
in order to maintain product quality, conserve resources, 
improve safety, etc. However, lower cost measurement 
systems are needed In order to allow a plant to instru- 
ment its measurements fully. 

There are certain process measurement applica- 
tions that demand other than conventional measure- 
ment approaches. For example, applications 
demanding high temperature and high pressure capa- 
bilities during level measurements must typically rely on 
capacitance measurement. However, conventional 
capacitance measuremerrt systems are vulnerable to 
errors induced by changing material characteristics. 
Further, the inherent nature of capacitance measure- 
ment techniques prevents the use of such capacitance 
level measurement techniques in vessels containing 
more than one fluid layer. 

LUtrasonic time-of-flight technology has reduced 
concerns regarding level indications changing as mate- 
rial characteristics change. However, ultrasonic level 
measurement sensors cannot work under high temper- 
atures, high pressures, or in vacuums. In addition, such 
ultrasonic sensors have a low tolerance for acoustic 
noise. 

One technological approach to solving these prob- 
lems is the use of guided wave pulses. These pulses 
are transmitted down a dual probe transmission line into 
the stored material, and are reflected from probe imped- 



ance changes which correlate with the fluid level. Proc- 
ess electronics then convert the time-of-flight signals 
into a meaningful fluid level reading. Conventional 
guided wave pulse techniques are very expensive due 

5 to the nature of equipment needed to produce high- 
quality, short pulses and to measure the time-of-flight 
for such short time events. Further, such probes are not 
a simple construction and are expensive to produce 
compared to simple capacitance level probes. 

10 Recent developments by the National Laboratory 
System now make it possible to generate fast, low 
power pulses, arxl to time their return with very inecpen- 
sive circuits. See. for example, U.S. Patent Nos. 
5,345,471 and 5,361,070. However, this new technol- 

IS ogy alone will not permit proliferation of level measure- 
ment technology into process and storage 
measurement applications. The pulses generated by 
this new technology are broadband, and also are not 
square wave pulses. In addition, the generated pulses 

20 have a very low power level. Such pulses are at a fre- 
quency of 100 MHz or higher, and have an average 
power level of about InW or lower These feictors 
present new prolDlems that must be overcome to trans- 
mit the pulses down a probe arxj back and to process 

25 and Interpret the returned pulses. 

Rrst, a sensor apparatus must be provided for 
transmitting these low power, high frequency pulses 
down a probe and effecting their return. Such appropri- 
ate sensor apparatus is described in a copending U.S. 

30 Patent Application Serial No. 08.574,818, entitled SEN- 
SOR APPARATUS FOR PROCESS MEASUREMENT 
filed December 19. 1995 and a copending U.S. Patent 
Application Serial No. 08/735,736 entitled SENSOR 
APPARATUS FOR PROCESS MEASUREMENT, filed 

35 October 23, 1996. the disclosures of which are hereby 
expressly incorporated by reference into the present 
application. 

The sensor apparatus is particularly adapted for the 
measurement of material levels in process vessels and 

40 storage vessels, but is not limited thereto. It is under- 
stood that the sensor apparatus may be used for meas- 
urement of other process variables such as flow, 
composition, dielectric constant, moisture content, etc. 
In the specification and claims, the term Vessel" refers 

45 to pipes, chutes, bins, tanks, reservoirs or any other 
storage vessels. Such storage vessels may also include 
fuel tanks, and a host of automotive or vehicular fluid 
storage systems or reservoirs for engine oil, hydraulic 
fluids, brake fluids, wiper fluids, coolant, power steering 

so fluid, transmission fluid, and fuel. 

The present invention propagates electromagnetic 
energy down an inexpensive, signal conductor trans- 
mission line as an alternative to conventional coax cable 
or dual transmission lines. The Goubau line lends itself 

55 to applications for a level measurement sensor where 
an economical rod or cable probe (i.e.. a one conductor 
instead of a twin or dual conductor approach) is desired. 
The single conductor approach enables not only taking 
advantage of new pulse generation and detection tech- 
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nologies, but also constructing probes in a manner sim- 
ilar to economical capacitance level probes. 

The present invention specifically relates to a signal 
processor apparatus for processing and interpreting the 
returned pulses from the conductor. Due to the low s 
power, broadband pulses used in accordance with the 
present invention, such signal processing to provide a 
meaningful indication of the process variable is difficult. 
Conventional signal processing techniques use only 
simple peak detection to monitor reflections of the 10 
pulses. 

The present invention provides signal processing 
circuitry configured for measurement of the time-of- 
f light of very fast, guided wave pulses. Techniques used 
in similar processes, such as ultrasonic level measure- is 
ment are vastly different from and are insufficient for 
detection of guided electromagnetic wave pulses due to 
the differences in signal characteristics. For example, 
ultrasonic signals are much noisier and have large 
dynamic ranges of about 120 dB and higher. Guided 20 
electromagnetic waves in this conte>ct are low In noise 
and have low dynamic ranges (less than 10:1) com- 
pared to the ultrasonic signals, and are modified by 
environmental impedances. The signal processor of the 
present invention is configured to determine an appro- 25 
priate reflection pulse of these low power signals from 
surrounding environmental influences. 

Standard electromagnetic reflection measurements 
are known as time domain reflectometry (TDR). TDR 
devices for level measurement require the measuring of 30 
the time of flight of a transit pulse euid a subsequently 
produced reflective pulse received at the launching site 
of the transit pulse. This measurement is typically 
accomplished by determining the time interval between 
the maximum amplitude of the received pulse. The 3s 
determination of this time interval is done by counting 
the interval between the transmitted pulse and the 
received pulse. 

The present invention provides an improved signal 
processor for determining a valid reflective pulse signal 4o 
caused by an interlace of material in contact with a 
probe element of a sensor apparatus. The processor 
apparatus of the present invention is particularly useful 
for processing high speed, low power pulses as dis- 
cussed above. In the preferred embodiment of the sig- 45 
nal processor apparatus, processing is performed 
based on a digital sampling of an analog output of the 
reflective pulses. It is understood, however, that simitar 
signal processing techniques can be used on the ana- 
log signal in real time. so 

It is well known that variations in operating condi- 
tions such as environmental variations like temperature, 
humidity, and pressure; power varlatiorts liVoe voltage, 
current, and power; electromagnetic influences like 
radio frequency/miaowave radiated power which ere- ss 
ates biases on integrated circuit outputs; and other con- 
ditions such as mechanical vibration can induce 
undesired drifts of electronics parameters and output 
signals. The present invention provides a processing 
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means and method for conpensating for signal drifts 
caused by these operating conditions. 

According to one aspect of the present invention, a 
method is provided for processing a time domain reflec- 
tometry (TDR) signal to generate an output result conre- 
sponding to a valid process variable. The method 
includes the steps of processing the TDR signal using at 
least two different techniques for detecting a valid 
reflection pulse generated by the process variable to 
calculate an indeperxient result using each of the at 
least two techniques, and applying a weigfited ^ctor to 
the independent results from each of the at least two dif- 
ferent techniques to provide weighted output results. 
The method also includes the steps of comparing the 
weighted output results, and selecting the valid output 
result from the weighted output results based on the 
comparing step. In the illustrated method, the compar- 
ing step includes the step of summing the weighted fac- 
tors for each independent result. 

According to another aspect of the present inven- 
tion, a method is provided for processing a time domain 
reflectometry (TDR) signal having a plurality of reflec- 
tion pulses to generate a valid output result correspond- 
ing to a reflection pulse caused by a process variable. 
The method includes the steps of processing the TDR 
signal using a first method for detecting the reflection 
pulse generated by the process variable and for calcu- 
lating a first output result, processing the TDR signal 
using a second method for detecting the reflection pulse 
generated by the process variable and for calculating a 
second output result, and processing the TDR signal 
using a third method for detecting the reflection pulse 
generated by the process variable and for calculating a 
third output result. The method also includes the steps 
of comparing the first, second, and third results, and 
selecting the valid output result based on the comparing 
step. 

In the illustrated method, the comparing step 
includes the step of applying a weighted factor to each 
of the first, second, and third results prior to the select- 
ing step. The comparing step also includes the step of 
summing the weighted factors for each of the first, sec- 
ond, and third results. 

Also in the illustrated embodiment, the first 
processing method includes the steps of detecting a 
maximum value reflection pulse from the plurality of 
reflection pulses of the TDR signal and calculating the 
first result based on the maximum value reflection pulse 
of the TDR signal. The second processing method 
includes the steps of calculating a derivative of the TDR 
signal, determining a location of a zero crossing adja- 
cent an absolute maximum value of the derivative TDR 
signal, and calculating the second Y^ult bKsed on said 
zero crossing. The third processing method includes the 
steps of estak>lishing an initial boundary reflection sig- 
nal, determining a t^aseline signal by subtracting the ini- 
tial boundary signal from the TDR signal, determining a 
maximum value reflection pulse of the baseline signal. 
an6 calculating the third result based on the maximum 
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value refflection pulse of the baseline signal. 

The method further indudes the step of processing 
the TDR signal using a fourth method for detecting the 
reflection pulse generated by the Process variable and 
for calculating a fourth output result. The comparing 
step compares the first, second, third, and fourth 
results. Illustratively, the comparing step includes the 
step of applying a weighted factor to each of the first, 
second, third, and fourth results prior to the selecting 
step. The fourth processing method illustratively 
includes the steps of calculating a derivative of the 
baseline signal, determining a time position of a zero 
crossing adjacent an absolute maximum of the deriva- 
tive of the baseline signal, and calculating the fourth 
result based on the zero crossing adjacent the absolute 
maximum of the derivative of the baseline signal. 

According to yet another aspect of the present 
invention, a method is for processing a time domain 
reflectometry (TDR) signal having a plurality of reflec- 
tion pulses to generate a valid output result correspond- 
ing to a reflection pulse caused by a process variable in 
a vessel. The TDR signal is generated by a sensor 
apparatus. The method includes the steps of establish- 
ing an initial boundary signal for the sensor apparatus 
before the process variable Is located in the vessel, and 
storing the detected initial boundary signal. The method 
also includes the steps of detecting the TDR signal, 
detecting a nnaximum value reflection pulse from the 
plurality of reflection pulses of the TDR signal, and cal- 
culating a first output result based on the maximum 
value reflection pulse of the TDR signal. The method 
further includes the steps of calculating a derivative of 
the TDR signal, determining a location of a zero cross- 
ing adjacent an absolute maximum value of the deriva- 
tive TDR signal, calculating a second output result 
based on the zero crossing adjacent an absolute maxi- 
mum value of the derivative TDR signal. The method 
still further includes the steps of determining a baseline 
signal by subtracting the initial boundary signal from the 
TDR signal, determining a maximum value of the base- 
line signal, and calculating a third output result based on 
the maximum value of the baseline signal. The method 
includes the steps of calculating a derivative of the 
baseline signed, determining a time position of a zero 
crossing adjacent an absolute maximum of the deriva- 
tive of the baseline signal, and calculating a fourth out- 
put result based on the zero crossing adjacent the 
absolute maximum of the derivative of the baseline sig- 
nal. The method also includes the steps of comparing 
the first, second, third, arxi fourtii output results, and 
selecting tiie valid output result from the weighted out- 
put results based on the comparing step. 

In the illustrated method, the comparing step 
includes the step of applying weighted factors to the 
first, second, third, and fourth results to produce 
weighted results. The comparing step also includes the 
step of selecting the valid output result from the 
weighted results. 

The illustrated method also includes the step of 



establishing a new initial boundary reflection signal at a 
selected time, and storing the new initial boundary sig- 
nal to update the baseline signal. The comparing step 
may Include the steps of comparing the first, second. 

5 and third results to a previous output result, and disre- 
garding a particular result which deviates from the pre- 
vious output result by more than a selected amount. 

According to a further aspect of the present inven- 
tion, a method is provided for processing a time domain 

10 reflectometry (TDR) signal having a plurality of reflec- 
tion pulses to generate a valid output result correspond- 
ing to a reflection pulse caused by a process variable. 
The method includes the steps of processing the TDR 
signal using a primary detection method for detecting 

15 the reflection pulse generated by the process variable 
and for calculating a primary output result, and process- 
ing the TDR signal using at least one secondary metiiod 
for detecting the reflection pulse generated by the proc- 
ess variable and for calculating at least one secondary 

20 output result. The method also includes the steps of 
comparing the primary result to the at least one second- 
ary result to check the primary result, and selecting the 
valid output result based on the comparing step. In the 
illustrated metiiod. the comparing step includes the step 

25 of applying a weighted factor to the primary result and 
each of the secondary results prior to the selecting step. 

According to a still further aspect of the present 
invention, an apparatus is provided for processing a 
time domain reflectometry (TDR) signal having a plural- 

30 ity of reflection pulses to generate a valid output result 
corresporxiing to a reflection pulse caused by a process 
variable. The apparatus includes means for processing 
the TDR signal using a first method for detecting the 
reflection pulse generated by the process variable and 

35 for calculating a first output result, for processing the 
TDR signal using a second method for detecting the 
reflection pulse generated by the process variable and 
for calculating a second output result, and for process- 
ing the TDR signal using a third method for detecting 

40 the refleciton pulse generated by the process variable 
and for calculating a third output result, means for com- 
paring the first, second, and third results, and means for 
selecting the valid output result. 

In the illustrated emt>odiment, the apparatus further 

45 includes means for processing the TDR signal using a 
fourth method for detecting the reflection pulse gener- 
ated by the process variable and for calculating a fourtii 
output result. The comparing means compares the first, 
second, third, and fourth results. The comparing means 

so illustratively includes means for applying a weighted fee- 
tor to each of tiie first, second, third, and fourth results. 

According to an additional aspect of the present 
invention, an apparatus is provided for processing a 
time domain reflectometry (TDR) signal having a plural- 

55 ity of reflection pulses to generate a valid output result 
corresporxiing to a refleciton pulse caused by a process 
variable. The apparatus Includes means for processing 
tiie TDR signal using a primary detection metiiod for 
detecting the reflection pulse generated by the process 
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variable and for calculating a primary output result for 
processing the TDR signal using at least one secondary 
method for detecting the reflection pulse generated by 
the process variable and for calculating at least one sec- 
ondary output result, for comparing the primary result to 5 
the at least one secondary result to check the primary 
result, and for selecting the valid oulput result based on 
the comparison. In the illustrated embodiment, the com- 
paring means includes means for applying a weighted 
factor to the primary result and each of the secondary 
results. 

According to a further aspect of the present inven- 
tion, a method is provided for processing a time domain 
r^lectometry (TDR) signal to generate a valid output 
result corresponding to a process variable in a vessel. 
The method includes the steps of establishing an initial 
boundary signal before the process variable is located 
in the vessel; storing the initial boundary signal and 
detecting a TDR signal. The method also includes the 
steps of determining a t^aseline signal t>y subtracting 
the initial boundary signal from the TDR signal, estab- 
lishing a signal pattern having a time range based on 
the width of reflection pulses in the baseline signal and 
comparing the baseline signal to the signal pattern until 
a reflection pulse in the baseline signal matches the sig- 
nal pattern. 

According to another aspect of the present inven- 
tion, a method for processing a time domain reflectom- 
etry (TDR) signal to generate a valid oulput result 
corresponding to a process variable in a vessel includes 
the steps of establishing an initial boundary signal 
before the process variable is located in the vessel, stor- 
ing the initial t>oundary signal, and detecting the TDR 
signal. The method further includes the steps of deter- 
mining a point on the initial boundary signal and a cor- 
responding point on the TDR signal, calculating a 
correction factor by subtracting the point on the initial 
tx>undary signal from the corresponding point on the 
TDR signal, and adding the correction factor to the TDR 
signal to establish a valid TDR signal. The method fur- 
ther includes the step of determining a baseline signal 
by subtracting the initial boundary signal from the valid 
TDR signal. 

In the illustrated embodiment, the first processing 
method includes the steps of establishing a threshold 
voltage prior to comparing the baseline signal to the sig- 
nal pattern and converting negative-going components 
of the reflection pulses to positive-going components. 
Further, in the first processing method the step of estab- 
lishing a signal pattern includes the step of determining 
at least four points within the time range in proximity to 
the threshold voltage and the step of comparing the 
baseline signal to the signal pattern includes the step of 
searching for a reflection pulse where the four points are 
on the reflection puls~ in proximity to the threshold volt- 
age. 

In another illustrated embodiment, the secorxi 
processing method includes the step of converting the 
con-ection factor to a positive value prior to adding the 



correction factor to the TDR signal to establish the valid 
TDR signal. 

In both illustrated methods, the processing meth- 
ods include the steps of determining a nnaximum value 
of the baseline signal and calculating an output result 
based on the maximum value. 

According to a further aspect of the present inven- 
tion, an apparatus is provided for processing a time 
domain reflectometry (TDR) signal having a plurality of 
reflection pulses to generate a valid output result corre- 
sponding to a process variak)le in a vessel. The appara- 
tus includes means for establishing an initial boundary 
signal before the process variable is located in the ves- 
sel, means for storing the initial boundary signal, means 
for detecting the TDR signal, and means for determining 
a baseline signal by subtracting the Initial tx>undary sig- 
nal from the TDR signal. The apparatus further includes 
means for estaljlishing a signal pattern having a time 
range based on the width of reflection pulses in the 
baseline signal and means for comparing the k>aseline 
signal to the signal pattern until a reflection pulse in the 
baseline signal matches the signal pattern. 

According to yet another aspect of the present 
invention an apparatus is provided for processing a time 
domain reflectometry (TDR) signal having a plurality of 
reflection pulses to generate a valid output results cor- 
responding to a process variable in a vessel. The appa- 
ratus includes means for establishing an initial 
tx>undary signal before the process variable is located 
in the vessel, means for storing the initial boundary sig- 
nal, and means for detecting the TDR signal. The appa- 
ratus further includes meeuns for determining a point on 
the initial boundary signal and a corresponding point on 
the TDR signal, means for calculating a correction factor 
by subtracting the point on the initial boundary signal 
from the corresponding point on the TDR signal, means 
for adding the correction factor to the TDR signal to 
establish a valid TDR signal, and means for determining 
a baseline signal by subtracting the initial boundary sig- 
nal from the valid TDR signal. 

TTie Illustrated embodiments of the apparatus also 
include means for determining a maximum value of the 
t>aseline signal and means for calculating an output 
result based on the maximum value. 

Additional objects, features, and advantages of the 
invention will become apparent to those skilled in the art 
upon conskieration of the following detailed description 
of the preferred embodiment exemplifying the best 
mode of carrying out the invention as presently per- 
ceived. 

Brief Description of the Drawings 

The detailed description particulariy refers to the 
accompanying figures in which: 

Rg. 1 is a diagrammatical view illustrating a single 
conductor material level sensor for measuring a 
level of a process variable such as a liquid in a ves- 
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sel. and illustrating a block diagram of the pulse 
transmitter and receiver and the processing dr- 
cuitry for determining the level of the process varia- 
ble: 

Rg. 2 is an analog signal output of the time domain 
reflectometry (TDR) signal generated by the trans- 
mitter and a receiver ; 

Fig. 3 is an analog output signal indicating an initial 
boundary condition of the inside of the vessel 
before the process variable is located in the vessel; 
Fig. 4 is a time aligned analog TDR output signal: 
Fig. 5 is an analog derivative signal of the time 
aligned TDR signal of Fig. 4; 
Fig. 6 is an analog baseline signal generated when 
the initial boundary signal of Fig. 3 is subtracted 
from the time aligned TDR output signal of Rg. 4; 
Rg. 7 is an analog signal of a derivative of the base- 
line signal of Fig. 6; 

Fig. 8 is a flow chart illustrating the steps performed 
by the processor apparatus of the present invention 
to determine an actual, valid level indication of the 
process variable teased on a reflective pulse caused 
by the process variable; 

Fig. 9 is an analog baseline signal corresponding to 
the signal shown in Fig. 6 illustrating the pattern 
recognition technique of determining the valid 
baseline signal; 

Rg. 10 is an analog initial boundary or probe map 
time aligned signal corresponding to Rg. 3; 
Fig. 11 is an analog illustration of the drift of a real 
time initial boundary signal relative to the initial 
boundary signal shown in Fig. 10 caused by varia- 
tions in operating conditions; 
Rg. 12 is an analog illustration of a baseline signal 
after the application of a correction factor according 
to the present inventor to compensate for the drift in 
the signal shown in Fig. 1 1 ; 
Fig. 13 is a segment of the flow chart illustrated in 
Rg. 8 incorporating the steps performed by the 
processor apparatus of the present inventor to 
determine and apply the correction factor and to 
use the pattern recognition technique to determine 
an actual, valid level indication of the process varia- 
ble based on a reflective pulse caused by the proc- 
ess variable; and 

Rg. 14 is a flow chart expanding the steps per- 
formed in block 250 in Fig. 13 for calculating and 
adding the correction factor to the initial boundary 
signal. 

Detailed Description of Drawings 

Referring how to drawings. Rg. 1 provides a 
diagrammatical illustration of operation of the surface 
wave transmission line sensor apparatus for process 
measurement. The apparatus 10 is adapted for use with 
level measurement of a process variable such as an 
interface between a first medium 11 and a second 
medium 12 located within a storage vessel 14. Illustra- 



tively, the first medium 1 1 is air and the second medium 
12 is a process variable such as a liquid or other mate- 
rial. 

The present invention includes a mechanical 

5 mounting apparatus 16 for securing a single conductor 
transmission line or probe element 18 to a surfece 20 of 
the vessel 14. The mechanical mounting apparatus 16 
enables a transceiver 22 to transmit pulses onto the 
probe element 18 in the direction of arrow 24. Once the 

10 pulses reach an interface 26 between the first medium 
1 1 and the second medium 12, such as a top surface of 
liquid, a reflective pulse is returned back up the probe 
element 18 in the direction of arrow 28. 

The transceiver 22 is coupled to processing cir- 

15 cuitry which detects the reflected pulses to interpret the 
return pulses and to generate an output signal indicat- 
ing the level of second medium 12 in the vessel 14. 
Preferably, the transceiver 22 transmits broadband 
pulses at very low average power levels such as at^out 

20 1 nW or less, or 1 jjiW or less peak power. The frequency 
of the pulses is preferably about 100 MHz or greater. 

The transceiver 22 includes a transmit pulse gener- 
ator 30 which generates a series of the high frequency 
pulses and transmits these pulses via a cattle 32 to 

25 mounting 16. Transceiver 22 also includes a sequential 
delay generator 32 coupled to the transmit pulse gener- 
ator 30. A sample pulse generator 34 is coupled to the 
sequential delay generator 32. A sample and hold buffer 
36 is coupled to sanple pulse generator 34 and to the 

30 cable 37. Illustratively transceiver 22 is a micropower 
wide band impulse radar transmitter developed by the 
Lawrence Livermore National Laboratory located at the 
University of California located in Livermore, California. 
It is understood, however, that other transceivers 22 

35 may also be used with the signal processor apparatus 
of the present irwerrtion. 

As discussed above, the mounting apparatus 16 
must be specially designed to transmit and receive the 
low power, high frequency pulses. The above-refer- 

40 enced copending applications, the disclosures of which 
are expressly incorporated by reference, provide a suit- 
able mounting apparatus 16 for transceiver 22. It is 
understood that the electronics and processing circuitry 
may be located at a remote mounting location spaced 

45 apart from the mounting apparatus 16. 

An output from transceiver 22 on line 38 is coupled 
to an amplifier 40. An output from amplifier 40 provides 
a TDR analog signal on line 42. Although the preferred 
emt^odiment of the present invention uses a digital sam- 

so pling system and processes digital signals related to the 
analog output signals, it is understood that a processor 
apparatus in accordance with the present invention may 
be txiilt to process the analog signal directly: 

In the present invention, an analog-to-digital con- 

55 verter 44 is coupled to amplifier 40. An output of the 
analog-to-digital converter 44 is coupled to an input of 
microprocessor 46. In the illustrated embodiment, 
microprocessor 46 is a MC68HC71 1 E9 microprocessor 
available from Motorola. It is understood, however, that 
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any other suitable microprocessor may be used in 
accordance with present invention. Microprocessor 46 
is used to implement both a test clock and a slow clock. 
A PRF clock implemented by microprocessor 46. which 
is a square wave at about 2 MHz, is coupled to transmit 
pulse generator 30. The microprocessor 46 also imple- 
ments a sync oscillator, which is illustratively a square 
wave having a frequency of about 40 Hz. The sync 
oscillator is coupled to sequential delay generator 32. 

Microprocessor 46 is also coupled to RAM 48 and 
to EEPROM 50. An output terminal of microprocessor 
46 is coupled to an output 52. Illustratively output 52 
provides a 4-20 mA output signal to provide an indica- 
tion of the level of the interface 26 between the first 
medium 1 1 and the second medium 12. 

The TDR analog signal from amplifier 40 is an 
equivalent time signal (ETS) of the real time signal 
traveling on the transmission line system. The ETS is 
expanded in lime by way of digital sampling, thereby 
enabling the use of conventional hardware for signal 
conditioning and processing. The signal processor of 
the present invention provides means for determining a 
valid pulse reflection, whether in real time or from the 
ETS. TTiese results allow flexibility to determine infor- 
mation relating to the position of mediums 1 1 and 1 2 rel- 
ative to a top surface 20, a bottom surface 21 . a sensor 
launch plate, or an end 19 of the probe element 18. The 
process material positional information is derived from 
signal reflections caused by impedance discontinuities 
on the transmission line and subsequent signal 
processing. 

The signal responses of a transmission line which 
includes cable 32, mounting 16, and probe element 18 
are dependent upon the inherent transmission design 
characteristics and Impedance changes created by 
changing boundary conditions. These boundary condi- 
tions are used to determine changes in the sensor envi- 
ronment and are directly or indirectly related to the 
amount or position of the bulk process materials being 
measured. The impedance of the sensor at a given 
location can change with variations of the sensor's envi- 
ronment or boundary condition due to interaction of the 
sensor, its signal, and its surroundings. 

An example of a time domain reflectometry (TDR) 
analog signal from amplifier 40 is illustrated in Fig. 2. In 
Fig. 2, the first large voltage fluctuation or pulse 54 is 
generated by the impedance change in the mounting 
16. In the preferred embodiment, the mounting 16 pro- 
vides this impedance change as a reference reflective 
pulse. The second reflective pulse 56 in Fig. 2 is gener- 
ated by an inherent interference within vessel 14. This 
Interference reflection 56 may be caused by a ladder, 
door, weld seam, material Buildup, or other internal fac- 
tor from vessel 14. The third reflective pulse 58 is pro- 
vided by the interface 26 between the first medium 1 1 
and the second medium 12. The fourth reflective pulse 
60 is generated by an end 19 of probe element 18. 

The present invention initializes the signal process- 
ing function by characterizing or recording sensor per- 



formance at a given time or under known boundary 
conditions so that this initial characterization can be 
used as an initial boundary corxiition. In other words, a 
reference or initial boundary signal is measured and 
5 stored before the first and second mediums 1 1 and 12 
are placed in the vessel 1 4. 

An exanple of an initial boundary signal (I.B.) is 
illustrated in Fig. 3. The initial boundary signal is used to 
help determine a valid impedance change induced 
10 reflective pulse caused by interface 26 between first 
medium 11 and second medium 12. In Fig. 3, the initial 
voltage peak or reflective pulse 62 is caused by the 
interference in the vessel 14. Pulse 62 of Rg. 3 con^e- 
sponds to pulse 56 in Fig. 2. Pulse 64 in Fig. 3 conre- 
15 spends to the end 1 9 of probe element 1 8. 

The sensor characterization may include factory 
calibration, environmental characterization or probe 
mapping, and sensor recharacterization, or recalibra- 
tion. The characterization can be done in such a way to 
20 permit use of only one or a combination of initialization 
procedures to provide optimum performance. The char- 
acterization of the sensor and its signals inside or out- 
side of its installation environment such as the mounting 
in the vessel 14 are referred to as its initial boundary 
25 conditions. 

Factory calibration may include characterizing sen- 
sor peribrmance in a stable, known environment which 
provides a baseline for the system performance while 
neglecting the influences and effects that are encoun- 
30 tered in field installation. A field installation, such as 
mounting the sensor in a tank or vessel 14, can present 
an environment for new boundary conditions to the sen- 
sor caused by the vessel or permanent contents of the 
vessel which influence the sensor response due to 
35 interaction of the sensor with these vessel contents. 

The present invention provides either an automatic 
recharacterization or a manual recharacterization of the 
sensor which can be performed to re-establish a new 
t>aseline or probe map which enables these environ- 
40 mental changes to be accounted for in determining the 
valid signal indicating the desired process variable. 

A second phase of the signal processor of the 
present invention involves detecting the pulse reflection 
produced by a valid signal response of the impedance 
45 change along a conductor. In other words, the proces- 
sor apparatus locates the impedance pulse reflection 
caused by the interfece 26 between the first medium 1 1 
and the second medium 12 in contact with the probe 
element 18. A number of mathematical techniques can 
50 be used to determine the positional information due to 
impedance changes which generate a signal reflection 
related in time to the position of the cause of the imped- 
ance change along the probe element 1 8. 

Detection of impedance changes may include one 
55 or more of the following techniques applied to the TDR 
analog output signal illustrated in Fig. 2. One detection 
method is a peak amplitude detection of a Time Aligned 
TDR signal which is illustrated in Fig. 4. In other words, 
the signal of Fig. 4 is shifted so that time zero is set as 
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the time of the initial reflecting pulse 54 provided by the 
impedance change at the mounting 16. In Fig. 4, the 
first reflection pulse 66 is caused by the interference 
within vessel 14. Second reflection pulse 68 is caused 
by interface 26. The third reflection pulse 70 is caused s 
by end 19 of the probe element 18. 

Another detection technique is to determine the first 
zero crossing after the positive peak of a first derivative 
signal of the Time Aligned TDR signal of Fig. 4. This 
derivative signal is illustrated in Fig. 5. Again, the first io 
reflection pulse 72 is caused by the interference within 
vessel 14. The second reflection pulse 74 is caused by 
interface 26, and the third reflection pulse 76 is caused 
by end 19 of probe element 18. Using this technique, 
the processor apparatus determines the maximum is 
absolute value of the peak reflective pulse, which is 
illustratively at location 78. If the absolute maximum was 
a negative value, the preceding zero crossing at loca- 
tion 80 is determined to be the location of interface 26. 
If the absolute maximum was a positive peaK the next 20 
subsequent zero crossing is used as the indication of 
interface 26. 

Yet another technique for determining the valid 
interface 26 Is the use of a baseline signal. The baseline 
signal is illustrated in Fig. 6. The baseline signal is 25 
determined by subtracting the initial boundary signal of 
Fig. 3 from the Time Aligned TDR signal of Fig. 4. 
Therefore, the pulse reflection 66 caused by the interfer- 
ence within vessel 14 is cancelled by the initial bound- 
ary pulse reflection 62. In Fig. 6, the initial pulse 30 
reflection 82 is therefore caused by the interface 26 
between the first medium 1 1 and the second medium 
1 2. Reflective pulse 84 is caused by the end 1 9 of probe 
element 18. The processor determines the time of the 
greatest positive peak 86 as the pulse reflection caused 35 
by interface 26. 

Still another technique for determining the actual 
position of interface 26 is to use the first derivative sig- 
nal of the baseline signal of Rg. 6. The derivative of the 
baseline signal is illustrated in Fig. 7. Again, the first 40 
reflection pulse 88 is caused by the interface 26 
between first medium 11 and second medium 12. The 
second reflection pulse 90 is caused by end 19 of probe 
element 18. The processor determines the peak abso- 
lute value 92 of the pulse reflection 88. Since the peak 45 
absolute value is associated with a negative voltage, the 
processor proceeds to the first proceeding zero cross- 
ing 94 as the time for the interface 26. If the maximum 
absolute value was a positive peak, the next suk>se- 
quent zero crossing is used as the interface level. so 

Some embodiments of the present invention use a 
combination of two or more of the above-cited tech- 
niques to verify the date related to the valid detection-of 
interface 26. The short term history of the signal can 
also be used to substantiate the validity of any change ss 
in position of the interface 26 and to verify that this 
change Is possible within the process condition pres- 
ently being used in the vicinity of the sensor. 

In a prefenred embodiment of the present invention, 



the processor determines the location of the valid 
impedance discontinuity caused by interface 26 
between first medium 11 and second medium 12 using 
each of the four techniques or methods discussed 
above. Each method is assigned a weighted factor. In 
the illustrated embodiment, the baseline signal calcula- 
tion illustrated in Fig. 6 is assigned a weighted factor of 
1.1, while the other three techniques are assigned a 
weighted factor of 1.0. These weighted factors provide 
means for showing the degree of agreement among the 
four methods. If the calculated boundary conditions as 
detected by the sensor creates a conflict among the four 
detection methods such that there is not a substantial 
agreement of all four methods, then a valid result is 
dependent upon whether there is substantial agreement 
between two or three of the detection methods. If there 
is substentiat deviation in the detection of the valid 
impedance pulse by all four methods, then the method 
having the highest weighted factor is used as the valid 
detection. 

In the present invention, the microprocessor 46 is 
programmed with software to calculate the position of 
the valid impedance change caused by interface 26 
using each of the four methods discussed above. Fig. 8 
illustrates the steps performed by the microprocessor 
46 of the present invention to determine the valid signal. 
The microprocessor 46 is first initialized as illustrated at 
bfock 100. Operation mode of the signal processor is 
illustrated at block 102. 

The first operational mode is to set and store the Ini- 
tial boundary (I.B.) signal illustrated in Fig. 3. This initial 
boundary signal is generated before the process mate- 
rial is placed in vessel 14. Microprocessor 46 first 
receives an input initial boundary signal as illustrated at 
block 104. The data is then time aligned based on the 
initial impedance change caused by tiie mounting 16 as 
illustrated as block 106. Microprocessor 46 then stores 
the time aligned data related to the initial boundary con- 
drtions in the EEPROM 50 as illustrated at block 108. 
Once the initial boundary signal is stored, microproces- 
sor 46 returns to operation mode at block 102. 

In one embodiment, the signal processor of the 
present invention may establish tiie initial boundary 
conditions manually only during initial installation of the 
sensor apparatus 10 Into the vessel 14. In another 
instance, the initial boundary conditions may be 
updated at predetermined times during operation of tiie 
signal processor. 

During normal operation of the signal processor, 
microprocessor 46 receives an input TDR signal as 
illustrated at block 1 10. This input TDR signal is a digital 
representation from analog-to-digital converter 44 of the 
TDR 'analog signal illustrated in Fig. 2. Although refer- 
ence will be made to the analog signals in Figs. 2-7. it is 
understood that the microprocessor 46 of the present 
invention uses the digital representation of these sig- 
nals. It is also understood that an analog processor may 
be used to process the analog signals in accordance 
with the present invention. 
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Microprocessor 46 next provides a time alignment 
of the TDR signal as illustrated at block 112. In other 
words, microprocessor 46 time shifts the input TDR sig- 
nal so that the time zero begins at the location of the 
interlace of mounting 16 which is indicated by the initial 
large reflection pulse 54 shown in Fig. 2. 

In the illustrated embodiment, microprocessor 46 
uses four different detection methods to locate a valid 
pulse reflection indicative of the interface 26 between 
the first medium 11 and the second medium 12. In a first 
method, microprocessor 46 detects a peak reflection 
pulse of the time aligned TDR signal (illustrated in Fig. 
4) as Illustrated in block 1 14 of Fig. 8. Peak 71 in Fig. 4 
Is the valid reflection pulse corresponding to interlace 
26. However, the peak detection step in this example 
would determine that peak 115 is the valid peak. Peak 
115 actually corresponds to interference in vessel 14 to 
be the valid pulse. This explains why the peak detection 
method of the time aligned TDR signal, when used 
alone, may produce some inaccuracies. Microprocessor 
46 then determines a time corresponding to the position 
of the maximum pulse value as illustrated at block 116 
in Fig. 8. The time value is then converted to a distance 
between the top surface 20 of vessel 14 and the inter- 
face 26. This step is illustrated at block 118. This dis- 
tance result calculated using the first detection method 
is then stored. 

It is understood that once a time position of an 
impedance change on a sensor has been derived, there 
are a number of techniques that can be used to convert 
the detected time to a distance equivalent position of 
the interface 26 of the process variable. The time inter- 
vals between the impedance changes have a mathe- 
matical relationship such that the time relation between 
the impedance change is proportional to the speed of 
light and a continuous function of the relative dielectric 
constants of the subject materials. If the first medium 1 1 
is air. the dielectric constant is substantially equal to 1 .0. 
The subject time of the interval can then be corrected by 
applying the continuous functional relation relative to 
the material dielectric and the environmental surround- 
ings. 

Other techniques such as using a sensor or con- 
ductor of a known length and then using the relationship 
changes of the pulse travel times form a subject mate- 
rial interface to an end 19 of the probe element 18 may 
be used. In other words, once the location of the valid 
impedance pulse is determined, a time or distance 
between the inrpedance interface and the end 19 of 
probe element 18 can be used to determine the level of 
the interface 26. In the case of a sensor having a known 
length, differential time intervals from a material inter- 
face 26 to end 1 9 of the probe element 1 8 changes pro- 
portionally with the thickness of the subject material 12 
divided by a continuous functional relationship of the 
material dielectric constant. Provided the probe element 
18 has a fixed location relative to the vessel 14, the 
material level or thickness of the material is an offset rel- 
ative to sensor position. This posititional relationship is 



determined using a simple mathematical equations. 

Similarly, the velocity of a pulse traveling on a sen- 
sor passing through multiple material layers can be 
used to determine the level of each material, provided 

5 the relative dielectric constant of each material is 
known. When the sensor has a fixed location relative to 
vessel 14, the position of each material can be deter- 
mined as a function of the time differential, with an offset 
to the sensor position. A sensor can also be designed 

10 having markers at known distances to create signal 
reflections that can be used for calibration and/or deter- 
mining material dielectric values. 

Microprocessor 46 also calculates a derivative of 
the time aligned TDR signal as illustrated at block 120. 

75 An analog representation of this derivative signal is 
illustrated in Fig. 5. Microprocessor 46 then determines 
the location of a first zero crossing adjacent an absolute 
maximum value of the signal. If the maximum is 
obtained from a positive value, microprocessor 46 

20 determines the next subsequent zero crossing after the 
positive peak. If the absolute maximum was obtained 
from a negative value, the microprocessor 46 deter- 
mines the first zero crossing prior to the detected abso- 
lute maximum. This step is illustrated at block 122. 

25 Microprocessor 46 then determines a time value corre- 
sponding to the detected zero crossing as illustrated at 
t)lock 124. This time value is then converted to a dis- 
tance corresponding to the level of the interface 26 
between first medium 11 and second medium 12 as 

30 illustrated at block 126. The distance calculated using 
the second detection Method is then stored. 

In the third detection method, the microprocessor 
46 calculates a baseline (BL) signal by subtracting the 
initial boundary signal stored in EEPROM 50 (Fig. 3) 

35 from the time aligned TDR signal which is illustrated in 
analog form in Fig. 4 as illustrated at block 128. This 
baseline signal is illustrated in analog form in Rg. 6. 
Microprocessor 46 then determines a location of the 
positive maximum value of the baseline signal as illus- 

40 trated at block 1 30. This positive maximum value is illus- 
trated at location 86 in Fig. 6. Miaoprocessor 46 next 
determines the time value corresponding to the 
detected positive maximum value as illustrated at block 
132. Microprocessor 46 then converts the time value to 

45 a distance change indicating the location of interface 26 
between the first medium 1 1 and second medium 12 as 
illustrated at block 134. The distance calculated using 
the third detection methods is then stored. 

In the fourth detection method. Microprocessor 46 

50 generates a first derivative of the baseline signal as 
illustrated at block 136. An analog representation of the 
first derivative of the baseline signal is illustrated in Fig. 
7.'Micro^)rocessor 46 then determines a location of a 
zero crossing adjacent an absolute maximum value as 

55 illustrated at block 1 38. If the absolute maximum comes 
from a positive value, the next subsequent zero crossing 
is used. If the absolute maximum is from a negative 
value, the first preceding zero crossing is used as a 
location of interfece 26. Microprocessor 46 then deter- 
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mines the time position of the zero crossing at block 
140. In the Fig. 7 example, the first preceding zero 
crossing 94 adjacent negative peak 92 is used as the 
time position. Microprocessor 46 then determines the 
time change as illustrated at block 142. This time 5 
change is then converted to a distance change as illus- 
trated at block 1 44 to provide an indication of the level of 
the intertace 26 between the first medium 1 1 and sec- 
ond medium 12. Tills distance change calculated using 
the fourth detection method is then stored. 10 

Microprocessor 46 next checks the validity of the 
detected distances from each of the four methods dis- 
cussed above as illustrated at block 146. Each of the 
distance changes is rounded to a predetermined sensi- 
tivity level, for example, one millimeter. If all four stored is 
results from each of the four methods are the same, 
microprocessor 46 determines that a valid output has 
been determined. Therefore, microprocessor formats 
the output into an appropriate form and sends the resuft 
to the output 52 as illustrated at block 1 50. 20 

If the four stored results from the four detection 
methods are different, microprocessor 46 then takes 
into account weighted factors established for each of 
the detection methods as illustrated at block 1 52. At this 
point, microprocessor 46 may compare the four stored 25 
method results to a previous result. If any of the four 
stored results deviates from the previous result by more 
than a predetermined amount, the microprocessor 46 
may disregard such a stored result. Microprocessor 46 
provides a summation of the weighted results as lllus- so 
trated at block 154. Examples of this summation by 
microprocessor 46 are provided below. Microprocessor 
46 then selects the most appropriate distance as the 
valid impedance reflection from interface 26 using the 
weighted results at block 156. Microprocessor 46 then 35 
outputs this selected result at block 150. 

Three different examples are provided to illustrated 
the effect of the weighted factors on the process meas- 
urement. 

40 

EXAMPLE 1 



Method 


X(cm) 


W.R 


Selected Result 


Peak TDR 


29.0 


1.0 




Der. TDR 


36.9 


1.0 




Max.BL 


37.1 


1.1 


37.1 


Der. BL 


37.3 


1.0 





EXAMPLE 2 



Method 


X(cm) 


W.F. 


Selected Result 


Peak TDR 


36.9 


1.0 




Der. TDR 


37.3 


1.0 


37.3 


Max. BL 


37.1 


1.1 




Der. BL 


37.3 


1.0 





EXAMPLE 3 



Method 


X(gm) 


W.F. 


Selected Result 


Peak TDR 


37.1 


1.0 




Der. TDR 


37.3 


1.0 




Max. BL 


37.1 


1.1 


37.1 


Der. BL 


37.3 


1.0 





In Example 1 , each of the detected results for the 
level or distance X of the interlace 26 is different. In this 
instance, the greatest weighted factor indicates that the 
maximum detected baseline value is used. Therefore, 
the selected result by microprocessor 46 is 37.1 cm. 

In Example 2, the maximum baseline method still 
indicates a distance of 37.1 cm. However, both the 
derivative of the TDR signal method and the derivative 
of the baseline signal method provided a result of 37.3 
cm. Therefore, the distance of 37.3 cm has a weighted 
factor of 2.0 when the two identical results are added 
together. Distance 36.9 cm from the peak TDR signal 
method has a weighted factor of 1 .0. Distance 37.1 due 
to the maximum baseline method has a weighted factor 
of 1.1. Therefore, microprocessor 46 selects the great- 
est weighted factor of 2.0 and the con-esponding dis- 
tance result of 37.3 cm during the selection step at block 
156 in Fig. 8. 

In Example 3, both the peak TDR method and the 
maximum baseline method provided a distance result of 
37.1 cm. The derivative TDR method and the derivative 
baseline method both produced' a result of 37.3 cm. 
Therefore, the distance 37.1 has a weighted factor of 
2.1 . while the distance 37.3 cm has a weighted factor of 
2.0. Therefore, microprocessor 46 selects the result of 
37.1 cm during the selection step at block 156. 

tt Is understood that other detection techniques 
may be used in accordance with the present invention. 
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In addition, one of the other detection techniques may 
be applied the highest weighted factor, if desired. In an 
alternate embodiment, each of the detection techniques 
may be assigned a different weighted factor. Such 
weighted factors are selected and applied on the basis 
of application Knowledge and experience. 

A further technique for determining the valid inter- 
face 26 is pattern recognition using the baseline signal 
illustrated In Fig. 6. The pattern recognition technique 
uses the entire pattern of the reflected pulse 82 shown 
in Fig. 6 and a number of sampled points taken after a 
reflected pulse 82 has reached a threshold voltage. The 
timing of the points must fall within specific boundaries 
for the pattern to be considered valid. This technique is 
an improvement over existing peak detection methods 
in that it protects against false readings due to signal- 
pulse spikes produced by noise and other phenomena. 

Referring to Fig. 9 a reflected signal 200 includes a 
positive-going component 202 and a negative-going 
component 204 (shown in broken lines) and is nearly 
sinusoidal in shape. The baseline reflected signal 200 is 
centered about zero volts as can be seen in Fig. 6. 

In the baseline method for determining the valid 
interface 26, the center of positive-going conrponent 
202 of the reflected signal 200 (i.e.. the process material 
level) is determined by identifying two points 206 and 
208 on the positive-going component 202 of the 
reflected signal 200 with respect to a threshold voltage 
210. The midpoint between these points 206 and 208 is 
the center of the positive going component 202 of the 
r^lected signal 200. Points on the negative going com- 
ponent 204 are replaced with zeroes. 

In the pattern recognition technique the points on 
the negative going component 206 are not replaced 
with zeroes. Instead the negative points are converted 
to tiieir absolute value using tiie 2*s complement tech- 
nique. The 2*s complement technique is well known to 
those skilled in the art for determining absolute value of 
negative signed numbers and is described and 
explained in standard textbooks. See for example the 
textbook Digital Concepts & APDlications. published 
1990 by Saunder's College Publishing (a division of 
Holt. Rinehart and Winston) p. 225. The result of the 
use of the 2's complement technique is a second posi- 
tive-going component 212 creating dual positive-going 
peaks 202 and 212. 

According to the pattern recognition technique tiie 
valid interface 26 for the process material is determined 
by using a four (4) point pattern and the dual positive- 
going peaks 202 and 212 of the entire reflected pulse 
200. Once the first point 206 is detected relative to the 
threshold voltage 210 the second point 208, third point 
214 and the fburtK point 21 6 on the positive going peaks 
202 and 212 must occur within spedfic time frames 
from the first point 206. The time frames are determined 
by the overall 218 width of the valid reflected pulse 200. 
If the four (4) points 206. 208, 214 and 21 6 do not occur 
witiiin the specific time frames then the reflected pulse 
200 is considered invalid. 
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If the reflected pulse 200 is found to be valid, then 
tiie center of the first positive-going peak 202 (i.e. the 
valid interface 26 for the process material) is determined 
by calculating the mid-point between the first point 206 

5 and the second point 208. It will be understood that tiie 
number of points in the pattern need not be limited to 
four. Additional points could be used without departing 
from the scope of tiie present invention. 

It is well known that variations in operating condi- 

10 tions such as; environmental variations, (temperature, 
humidity, pressure,) power supply variations (voltage, 
current, power) electromagnetic influences (rf/uwave 
radiated power creating biases on IC outputs) and other 
conditions such as mechanical vibration can induce 

IS undesired drifts of electronics parameters and output 
signals. 

In order to compensate for drifts in time and voltage 
in reflected signals due to the above-described varia- 
tions in operating conditions, a further embodiment of 

20 the present invention includes a corrective element or 
factor that is calculated every time the software exe- 
cutes a signal processing loop. The correction element 
or factor is then added to each signal sample prior to 
use of tiie baseline subtraction metiiod described previ- 

2S ously. 

Referring to Fig. 10. an initial boundary or probe 
map time aligned signal 220 that has been digitized and 
store in a microprocessor is shown. This signal 220 cor- 
responds to signal 62 shown in Fig. 3. The signal 220 is 

30 time aligned relative a starting voltage Vmn which is 
located on tiie starting center line 222 of the negative 
going component 224 of tiie signal 220. 

Figure 1 1 illustrates a situation where the real time 
TDR signal 226 has drifted in both time and voltage rel- 

35 ative to the initial boundary signal 220. When the base- 
line procedure is used in this situation, the results will 
not be valid. This invalid result can be overcome and 
corrected to compensate for tiiese signal drifts using the 
correction element or factor according tiie present 

40 invention. The real time TDR signal 226 has a new 
center line 228 which has shifted in time Atj and has 
shifted in voltage Av^rnpi*. 

Tiie compensation can be accomplished by Obtain- 
ing the time and voltage variations Atj and AVcompi 

45 adjusting tiie digitized real time TDR signal 226 by the 
drift Atj and Avcompi- The correction factor Vcorr 'S calcu- 
lated by subtracting a specific point 230 on the negative- 
going component 224 of the initial boundary of the 
probe map signal 220 from its corresponding point 232 

so on tiie negative-going component 234 of the real-time 
TDR signal 226, then inverting the result using the 2's 
complement technique. This yields a number Vcorr 
is always added to the real time TDFf^ignkl 226^ regard- 
less of offset polarity of the signals 220 and 226. The 

55 correction factor Vcorre is represented algebrafcally by 
the formula: 

^ oorr ~ real * ^ pm)» 
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where 

^corr = correction factor 

Vreai = PO'^* 232 on the real-time TDR signal 226 
Vpm = corresponding point 230 on the initial 5 
boundary on the probe map signal 220 

The compensated sample point V^^^p (i.e. the 
center of the valid signal) is determined by the formula: 

10 

V ssV . +V 
* comp ' sample ^ * corn 

where 

^comp = value of the compensated sample point is 
Vsampie = value of the uncompensated point 
Vcorr = correction factor 

The baseline procedure can be performed upon com- 
pletion of this compensation in time and voltage. The 20 
resulting baseline signal is shown in Fig. 12. This com- 
pensated result provides a valid reflection pulse that is 
easily analyzed providing the desired valid and accurate 

^tvalid- 

In order to implement the pattern recognition tech- 25 
nique and the correction factor shown illustrated in Figs. 
9-12. the software programmed in the microprocessor 
46 is modified as shown in Figs. 13 and 14, Figs. 13 and 
14 illustrate the additional steps performed by the 
microprocessor 46 as a result of the software modif ica- 30 
tions. The additional steps are shown inserted in the 
appropriate locations within the steps illustrated in Fig. 
8. Thus reference numerals in Rgs. 13 and 14 corre- 
sponding to reference numerals in Fig. 8 are intended to 
denote the same steps. Further, although not shown in 3S 
Figs. 13 and 14, it will be understood that the remainder 
of the steps shown in Fig. 8 occurring before and after 
steps 1 10 and 130 respectively would be performed in 
connection with the steps shown in Figs. 13 and 14. 
Steps 136-140. steps 120-126 and steps 114-118 4o 
would not be performed when using the pattern recog- 
nition technique. However, the correction factor could be 
used without the pattern recognition technique in which 
case all of the steps in Fig. 8 may be performed. 

Referring to Rgs. 1 3 and 1 4, the step for calculating 45 
and adding the correction fector is shown in block 250 
and is performed between blocks 112 and 128 in the 
process illustrated in Fig. 8. A more detailed breakdown 
of the steps performed in block 250 is shown in Fig. 14. 

Referring to Fig. 14, after the microprocessor 46 so 
provides a time alignment of the TDR signal in block 
112. the microprocessor 46 then subtracts the specific 
point 230 on the initial boundary sigTial 220 from the 
corresponding point 232 on the real-time signal 226 in 
block 252 in accordance with the formula set forth ss 
above. In block 254, the microprocessor 46 then uses 
the 2's complement technique on the negative differ- 
ence value between points 232 and 230. 

After the 2*s complement technique is applied then 



the correction factor determined in block 252 is 
added to the uncompensated sample point of the real 
time TDR signal to produce a value of the compensated 
sample point V^o^p. Thereafter, the microprocessor 46 
calculates a baseline (BL) signal by sutDtracting the ini- 
tial boundary signal from the time aligned and corrected 
TDR signal to produce the baseline signal illustrated in 
analog form in Rg. 12. it will be understood that after 
block 123 the microprocessor 46 may proceed to block 
136, block 120, block 1 14 or use the pattern recognition 
technique as shown in Fig. 13 at 260. 

Using the pattern recognition technique the micro- 
processor 46 first uses the 2's complement technique 
on the negative-going component 204 of the baseline 
signal 200 (See Fig. 9) in block 262. Thereafter the 
microprocessor 46 searches for the predetermine four 
(4) point pattern (determined based upon the width 218 
of the signal) in block 264 as shown in Fig. 9. If the pre- 
determined pattern is not found then the microproces- 
sor 46 continues to search baseline signal samples until 
a valid pattern is found. This step is performed in block 
266. Once a valid patter is found, then the microproces- 
sor 46 determines a location of the positive maximum 
value of the valid baseline signal in tHock 130 shown in 
Rg. 8. 

Although the invention has been described in detail 
with reference to a certain preferred embodiment, varia- 
tions and modifications exist within the scope and spirit 
of the present invention as described and defined in the 
following claims. 

Claims 

1 . A method for processing a time domain reflectome- 
try (TDR) signal to generate an output result corre- 
sponding to a valid process variable, the metiiod 
comprising the steps of: 

processing tiie TDR signal using at least two 
different techniques for detecting a valid reflec- 
tion pulse generated by the process variable to 
calculate an independent result using each of 
the at least two techniques; 
applying a weighted factor to the independent 
results from each of tiie at least two different 
techniques to provide weighted output results: 
comparing the weighted output results; and 
selecting the valid output result from the 
weighted output results based on the compar- 
ing step. 

2. The method of claim 1 , wherein the comparing step 
includes the step of summing the weighted factors 
for each independent result. 

3. A method for processing a time domain ref lectome- 
try (TDR) signal having a plurality of reflection 
pulses to generate a valid output result correspond- 
ing to a reflection pulse caused by a process varia- 
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ble, the method comprising the steps of: 

processing the TDR signal using a first method 
for detecting the reflection pulse generated by 
the process variable and for calculating a first s 
output result; 

processing the TDR signal using a second 
method for detecting the reflection pulse gener- 
ated by the process variable and for calculating 
a second output result: 10 
processing the TDR signal using a third 
method for detecting the reflection pulse gener- 
ated by the process variable and for calculating 
a third output result; 

comparing the first, second, and third results: is 
and 

selecting the valid output result based on the 
comparing step. 

4. The method of claim 3, wherein the comparing step 20 
includes the step of s^ply'tng a weighted factor to 
each of the first, second, and third results prior to 
the selecting step. 

5. The method of datm 4. wherein the comparing step 2S 
also includes the step of summing the weighted fac- 
tors for each of the first, seoorxi. and third results. 

6. The method of claim 3, wherein the first processing 
method includes the steps of detecting a maximum 30 
value reflection pulse from the plurality of reflection 
pulses of the TDR signal and calculating the first 
result based on the maximum value reflection pulse 

of the TDR signal. 

35 

7. The method of claim 6, wherein the second 
processing method includes the steps of calculating 
a derivative of the TDR signal, determining a loca- 
tion of a zero crossing adjacent an absolute maxi- 
mum value of the derivative TDR signal, and 40 
calculating the second result based on said zero 
crossing. 

8. The method of claim 7, wherein the third processing 
method includes the steps of establishing an initial 45 
boundary reflection signal, determining a baseline 
signal by subtracting the initial boundary signal 
from the TDR signal, determining a maximum value 
reflection pulse of the baseline signal, and calculat- 
ing the third result based on the maximum value so 
reflection pulse of the baseline signal. 

9. The method of claim 8, further compn^in§[ the'step 
of calculating a derivative of the baseline signal, 
determining a time position of a zero crossing adja- ss 
cent an absolute maximum of the derivative of the 
baseline signal, and calculating a fourth result 
based on the zero crossing adjacent the absolute 
maximum of the derivative of the baseline signal. 
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and wherein the comparing step compares the first, 
second, third, and fourth results. 

10. The method of claim 8, further comprising the step 
of reestablishing the initial boundary reflection sig- 
nal at a selected time to update the baseline signal. 

11. The method of claim 3. further comprising the step 
of processing the TDR signal using a fourth method 
for detecting the reflection pulse generated by the 
process variable and for calculating a fourth output 
result, and wherein the comparing step compares 
the first, second, third, and fourth results. 

12. The method of claim 11. wherein the comparing 
step includes the step of applying a weighted factor 
to each of the first, second, third, and fourth results 
prior to the selecting step. 

13. The method claim 3, wherein the comparing step 
includes the steps of comparing the first, secortd. 
and third results to a previous output result, and dis- 
regarding a particular result which deviates from 
the previous output result by more than a selected 
amount. 

14. A method for processing a time domain ref lectome- 
try (TDR) signal having a plurality of reflection 
pulses to generate a valid output result correspond- 
ing to a refleciton pulse caused by a process varia- 
ble in a vessel, the TDR being generated by a 
sensor apparatus, the method comprising the steps 
of: 

establishing an initial boundary signal for the 
sensor apparatus before the process variable 
is located in the vessel; 
storing the detected initial tx>undary signal; 
detecting the TDR signal- 
detecting a maximum value reflection pulse 
from the plurality of refleciton pulses of the 
TDR signal; 

calculating a first output res ult based on the 
maximum value reflection pulse of the TDR sig- 
nal- 
calculating a derivative of the TDR signal; 
determining a location of a zero crossing adja- 
cent an absolute maximum value of the deriva- 
tive TDR signal; 

calculating a second output result based on the 
zero crossing adjacent an absolute maximum 
value of the derivative TDR signal; 
determining a baseline signal by subtracting 
the initial boundary signal from the TDR signal; 
determining a maximum value of the baseline 
signal; 

calculating a third output result based on the 
maximum value of the baseline signal; 
calculating a derivative of the baseline signal; 
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determining a time position of a zero crossing 
adjacent an absolute maximum of the deriva- 
tive of the baseline signal; 
calculating a fourth output result based on the 
zero crossing adjacent the absolute maximum s 
of the derivative of the baseline signal 
comparing the first, second, third, and fourth 
output results; and 

selecting the valid output result from the 
weighted output results based on the compar- io 
tng step. 

15. The method of claim 14, wherein the comparing 
step includes the step of applying weighted factors 

to the first, second, third, and fourth results to pro- is 
duce weighted results, and selecting the valid out- 
put result from the weighted results. 

1 6. The method of claim 1 4, further comprising the step 

of establishing a new initial boundary reflection sig- 20 
nal at a selected time, and storing the new initial 
boundary signal to update the baseline signal. 

17. A method for processing a time domain reflectome- 

try (TDR) signal having a plurality of reflection 25 
pulses to generate a valid output result correspond- 
ing to a reflection pulse caused by a process varia- 
ble, the method comprising the steps of: 

processing the TDR signal using a primary 30 
detection method for detecting tiie reflection 
pulse generated by the process variable and 
for calculating a primary output result; 
processing tiie TDR signal using at least one 
secondary method for detecting the reflection 35 
pulse generated by the process variable and 
for calculating at least one secondary output 
result; 

comparing the primary result to the at least one 
secondary result to check tiie primary result; 40 
and 

selecting the valid output result based on the 
comparing step. 

18. The method of claim 17. wherein the comparing 45 
step includes the step of applying a weighted factor 

to the primary result and each of the secondary 
results prior to the selecting step. 

19. An apparatus for processing a time domain reflec- so 
tometry (TDR) signal having a plurality of reflection 
pulses to generate a valid output result correspond- 
ing to a reflection pulse caused by a process varia- 
ble, the apparatus comprising means for 
processing the TDR signal using a first method for ss 
detecting the reflection pulse generated by the 
process variable and for calculating a first output 
result, for processing the TDR signal using a sec- 
ond method for detecting the reflection pulse gener- 



ated by the process variable and for calculating a 
second output result, and for processing the TDR 
signal using a third method for detecting the refl- 
eciton pulse generated by the process variable and 
for calculating a third output result, means for com- 
paring the first, second, and third results, and 
means for selecting tiie valid output result. 

20. The apparatus of claim 19, wherein the comparing 
means includes means for applying a weighted fac- 
tor to each of tiie first, second, and third results. 

21. The apparatus of claim 19, further comprising 
means for processing the TDR signal using a fourth 
method for detecting the reflection pulse generated 
by the process variable and for calculating a fourth 
output result, and wherein the comparing means 
compares the first, second, third, and fourth results. 

22. The method claim 21. wherein the comparing 
means includes means for applying a weighted fac- 
tor to each of the first, second, third, and fourth 
results. 

23. An apparatus for processing a time domain reflec- 
tometry (TDR) signal having a plurality of reflection 
pulses to generate a valid output result correspond- 
ing to a reflection pulse caused by a process varia- 
ble, the apparatus comprising means for 
processing the TDR signal using a primary detec- 
tion method for detecting the reflection pulse gener- 
ated by the process variable and for calculating a 
primary output result, for processing the TDR signal 
using at least one secondary method for detecting 
the reflection pulse generated by the process varia- 
ble and for calculating at least one secondary out- 
put result, for comparing the primary result to the at 
least one secondary result to check the primary 
result, and for selecting the valid output result 
t)ased on the comparison. 

24. The apparatus of claim 23, wherein the comparing 
means includes means for applying a weighted fac- 
tor to the primary result and each of tiie secondary 
results 

25. A method for processing a time domain ref lectome- 
try (TDR) signal having a plurality of reflection 
pulses to generate a valid output result correspond- 
ing to a process variable in a vessel, the method 
comprising the steps of: 

establishi?ig an initial boundary signal before 
the process variable is located in the vessel; 
storing the initial boundary signal; 
detecting the TDR signal; 
determining a baseline signal by subtracting 
the initial boundary signal from tiie TDR signal; 
establishing a signal pattern having a time 
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range based on the width o1 reflection pulses in 
the baseline signal; 

comparing the baseline signal to the signal pat- 
tern until a reflection pulse in the baseline sig- 
nal matches the signal pattern; s 
determining a maximum value of the reflection 
pulse that matches the signal pattern; and 
calculating an output result based on the maxi- 
mum value. 

10 

26. The method of claim 25 further comprising the 
steps of determining a point on the initial boundary 
signal and a corresponding point on the TDR signal 
and calculating a connection factor by subtracting 

the point on the initial boundary signal from the cor- is 
responding point on the TDR signal. 

27. The method of claim 26 further comprising the step 
of adding the correction factor to the TDR signal to 
establish a valid TDR signal prior to determining the 20 
baseline signal. 

28. The method of claim 25 further comprising the step 
of establishing a threshold voltage prior to compar- 
ing the baseline signal to the signal pattern. 2S 

29. The method of claim 28 further comprising the step 
of inverting negative-going components of the 
reflection pulses to positive-going components. 



30- The method claim 29 wherein the step of establish- 
ing a signal pattern includes the step of determining 
at least four points within the time range in proximity 
to the threshold voltage. 
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31- The method of claim 30 wherein the step of com- 
paring the baseline signal to the signal pattern 
includes the step of searching for a reflection pulse 
where the four points in proximity to the threshold 
voltage occur within the time range. ^o 

32- The method of claim 27 further comprising the step 
of inverting the correction factor to a positive value 
prior to adding the correction factor to the TDR sig- 
nal to establish the valid TDR signal. 4s 

33. A method for processing or time domain reflectom- 
etry (TDR) signal having a plurality of reflection 
pulses to generate a valid output result correspond- 
ing to a process variable in a vessel, the method so 
comprising the steps of: 

estatDlishing an initial boundary signal before 
the process variable is located in the vessel; 
storing the initial boundary signal; ss 
detecting the TDR signal; 
determining a point on the initial boundary sig- 
nal and a corresponding point on the TDR sig- 
nal; 



calculating a correction factor by subtracting 
the point on the initial boundary signal from the 
corresponding point on the TDR signal; 
adding the correction factor to the TDR signal 
to establish a valid signal; 
determining a baseline signal by subtracting 
the initial tXHjndary signal from the valid TDR 
signal; 

determining a mgudmum value of the baseline 
signal; and 

calculating an output result based on the maxi- 
mum value. 

34. The method of claim 33 further comprising the step 
of inverting the correction factor to a positive value 
prior to adding the correction factor to the TDR sig- 
nal to establish the valid TDR signal. 

35. The method of claim 33 further comprising the 
steps of establishing a signal pattern having a time 
range based on the width of the reflection pulses in 
the baseline signal and comparing the baseline sig- 
nal to the signal pattern until a reflection pulse in 
the baseline signal matches the signal pattern. 

36. A method for processing a time domain ref leclome- 
try (TDR) signal having a plurality of reflection 
pulses to generate a valid output result correspond- 
ing to a process variable in a vessel, the method 
comprising the steps of: 

establishing an initial boundary signal before 
the process variable is located in the vessel; 
storing the initial boundary signal; 
detecting the TDR signal; 
determining a point on the initial boundary sig- 
nal and a corresponding point on the TDR sig- 
nal; 

calculating a correction factor by subtracting 
the point on the initial boundary signal from the 
corresponding point on the TDR signal; 
adding the correction factor to the TDR signal 
to establish a valid TDR signal; 
determining a baseline signal by subtracting 
the initial boundary signal from the valid TDR 
signal; 

establishing a signal pattern having a time 
range based on the width of the reflection 
pulses in the baseline signal; 
comparing the baseline signal to the signal pat- 
tern until a reflection pulse in the baseline sig- 
nal matches the signal pattern; 
determining M mSximum value of the reflection 
pulse thus matches the signal pattern; and 
calculating an output result based on the maxi- 
mum value. 

37. An apparatus for processing a time domain ref lec- 
tometry (TDR) signal having a plurality of reflection 
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pulses to generate a value output result corre- 
sponding to a process variable in a vessel, the 
apparatus comprlsing: 



means for establishing an initial boundary sig- s 
nal before the process variable is located in the 
vessel; 

means for storing the initial boundary signal; 
means for detecting the TDR signal; 
means for determining a baseline signal by 10 
subtracting the initial boundary signal from the 
TDR signal; 

means for establishing a signal pattern having 
a time range based on the width of reflection 
pulses in the baseline signal; 15 
means for comparing the baseline signal to the 
signal pattern until a reflection pulse in the 
baseline signal matches the signal pattern; 
means for determining a minimum value of the 
reflection pulse that matches the signal pat- 20 
tern; and 

means for calculating an output result based on 
the maximum value. 



. An apparatus for processing a time domain reflec- 2S 
tometry (TDR) signal having a plurality of reflection 
pulses to generate a valid output result correspond- 
ing to a process variable in a vessel, the apparatus 
comprising: 

30 

means for establishing an initial boundary sig- 
nal before the process variable is located in the 

vessel; 

means for storing the initial boundary signal; 
means for detecting the TD R signal ; 3s 
means for determining a point on the initial 
boundary signal and a corresponding point on 
the TDR signal; 

means for calculating a correction factor by 
subtracting the point on the initial boundary sig- 40 
nal from the corresponding point on the TDR 

signal; 

means for adding the correction factor to the 
TDR signal to establish a valid signal; 
means for determining a baseline signal by 4S 
subtracting the initial boundary signal from the 
valid TDR signal; 

means for determining a maximum value of the 
baseline signal; and 

means for calculating an output result based on so 
the maximum value. 
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